Countercurrent multiplication system without active transport in inner medulla  by Kokko, Juha P. & Rector, Floyd C.
Kidney International, Vol. 2 (1972), p. 214—223
Countercurrent multiplication system without active
transport in inner medulla
JUHA P. KOKKO and FLOYD C. RECTOR, JR.
Department of Internal Medicine, University of Texas Southwestern Medical School, Dallas, Texas
Countercurrent multiplication system without active transport
in inaer medulla. The present study reports a model for counter-
current multiplication in which both the descending limb of
Henle (DLH) and thin ascending limb of Henle (ALH) operate
as purely passive equilibrating segments. This model is based
largely on transport characteristics obtained by perfusing iso-
lated segments of rabbit nephrons in vitro. For this passive
equilibration model to be operative the following segmental
membrane characteristics should be present: thin DLH, relatively
impermeant to solute but having high osmotic water permeability
(osmotic water equilibration raises intraluminal Na concentration
to higher levels than adjacent interstitium); thin ALH, more
permeant to NaC1 than urea and relatively impermeant to
osmotic flow of water (hypoosmolal fluid can be generated
passively by allowing more net NaC1 to diffuse out than influx
of urea); thick ALH, relativly water and solute impermeable with
capacity of active outward NaCi transport (hypotonic fluid
with a low NaC1 concentration is developed); distal tubule, cor-
tical and outer medullary collecting duct, impermeant to urea
both in presence and absence of vasopressin (intraluminal urea
is raised to high concentrations by virtue of water abstraction);
inner medulla and papillary collecting duct, urea permeant
(allows for generation of high interstitial urea concentration by
passive diffusion down chemical concentration gradient). The
salient feature of the proposed model is that the energy generated
by active outward NaCi transport by thick ALH (expressed as
high urea concentration in outer medullary CD by virtue of
water abstraction) is transmitted to the papilla (by way of urea
diffusing down its concentration gradient). In turn, papillary
interstitial urea abstracts water out of DLH generating high
intraluminal NaCi concentrations which allows the entire system
to operate by passive diffusion of NaCl out of the thin ALH. By
this model, the observed medullary concentration gradients are
developed without invalidating the mass balance equations.
Système de multiplication par contre courant sans transport
actif dans la médullaire interne. Ce travail décrit un modéle de
multiplication par contre courant dans lequel la branche descend-
ante (DHL) et Ia partie gréle de la branche ascendante de l'anse
de Henlé (AHL) se comportent comme des segments d'dquili-
bration passive. Ce modéle est largement fondé sur les carac-
téristiques de transport obtenues par Ia perfusion in vitro de
segments isolés de néphrons de lapin. Pour que ce modéle
Received for publication April 8, 1972;
accepted in revised form July 20, 1972.
© 1972, by the International Society of Nephrology.
214
d'équilibration passive fonctionne les caractéristiques segmen-
taires de membrane nécessaires sont: pour la partie gréle de Ia
branche descendante: imperméabilité relative aux substances
dissoutes mais perméabilité élevée it Ia diffusion osmotique de
l'eau (l'equilibration osmotique de l'eau augmente la concen-
tration intraluminale du sodium jusqu'it des valeurs supérieures
it celles existantes dans le tissu interstitiel environnant); partie
gréle de Ia branche ascendante: plus permeable it NaC1 qu'it
Purée et relativement impermeable it Ia diffusion osmotique de
l'eau (un liquide hypo osmotique peut être crée passivement si
plus de NaC1 sort qu'il n'entre d'urée); partie large de la branche
ascendante: imperméabilité relative it l'eau et aux substances
dissoutes et capacité de transport actif de NaCI (un liquide hypo-
tonique dont Ia concentration de NaCI est faible est crée);
tube distal, collecteur cortical et collecteur de Ia médullaire
externe: impermeable it l'urée aussi bien en l'absence qu'en
presence de vasopressine (Ia concentration intraluminale de l'urée
augmente par soustraction d'eau); collecteur de Ia medullaire
interne et de Ia papille: permeable it l'uree (permet Ia creation
d'une concentration interstitielle elevée d'urée par diffusion
passive le long d'un gradient de concentration). La principale
caractéristique du modéle propose est que l'énergie générée par
le transport actif de NaCI hors de la partie large de Ia branche
ascendante (traduit par la concentration d'urée élevée dans
les collecteurs de Ia médullaire externe du fait de Ia soustraction
d'eau) est transmise it Ia papille (du fait que l'urée diffuse le long
de son gradient de concentration). A son tour l'urée de l'inter-
stitiom papillaire soustrait de l'eau it I'anse dcscendaote, crèe
ainsi une concentration intraluminale elevec de NaCi qui permet
it l'ensemble du système de fonctiooner par diffusion passive du
NaC1 hors de la partie grele de Ia branche ascendante. Dans cc
modCle, les gradients de concentration medullaire sont develop-
pés sans invalider les equations de bilan des masses.
it is now universally accepted that the formation of
hypertonic urine is the consequence of the osmotic equili-
bration of collecting duct fluid with hypertonic medullary
interstitial fluid. Tissue analyses during hydropenia have
shown that the concentrations of sodium, chloride, urea
and total osmolality rise progressively from the cortico-
medullary junction to the papillary tip. It is also generally
accepted that the generation of the hypertonic medullary
interstitium is the result of the operation of a counter-
current multiplier system.
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The exact nature of the primary mechanism, or single
effect, which provides the osmotic work necessary to drive
the system, however, is still unclear. If one considers the
anatomy of the renal medulla and the requisite of maintain-
ing mass balance the number of possibilities for the single
effect is sharply limited. There are two loop structures
capable of providing countercurrent multiplication, the
vasa rectae and the loops of Henle, and a single linear flow
structure, the collecting duct (the existence and possible
role of medullary lymph flow will not be considered in the
present discussion). If the effluent from the collecting duct
is more concentrated than any of the inflows (descending
vasa recta, descending limb of Henle's loop, collecting duct),
the necessity that mass balance be maintained requires that
the effluent from one or both of the loop structures (as-
cending vasa recta, ascending limb of Henle's loop) be less
concentrated than any of the inflows.
The possibility that fluid in the ascending vasa rectae
becomes relatively hypotonic by the operation of hydro-
static pressure gradients forcing water from the descending
to the ascending vasa rectae is unlikely for two reasons:
1) the hydrostatic pressure gradients required to generate
osmotic gradients (approximately 19 mm Hg per mOsm)
is much greater than would be reasonably expected in the
vasa rectae [1]; 2) direct measurements by Jamison, Bennett
and Berliner [2] show that at any given level in the medulla
blood from the ascending vasa rectae is more concentrated
than blood from the descending vasa rectae. By exclusion,
therefore, one is led to the conclusion that the single effect
is located in the ascending limb of Henle's loop (ALH).
This conclusion is also supported by direct experimental
observations. Jamison et al [2] and Jamison [3] found that
fluid in the thin ALH, although hypertonic to systemic
blood, was less concentrated than fluid from other tubular
structures (thin DLH, vasa rectae) at the same level in the
medulla. In addition, fluid emerging from the thick ALH
into the distal convoluted tubule is hypotonic (approximate-
ly 150 to 200 mOsm/kg) and has a low concentration of
sodium and chloride. Thus, it appears that the single effect
which provides the osmotic work for the countercurrent
system is the transport of salt (NaC1) out of the ALH.
It is clear that in the more distal portions of the ALH
(the thick ALH) salt is transported from the lumen to the
interstitium against steep concentration gradients, and that
it thus represents an active transport process. The metabolic
studies of the outer medulla showing sodium-dependent
oxygen and glucose consumption are consistent with the
view that the thick ALH is involved in active salt transport.
Direct support for this view has been obtained from micro-
perfusion studies of isolated segments of thick ALH, which
show active outward transport of salt against concentration
gradients [8].
Although one must conclude that the single effect in the
inner medulla and papilla, regions which contain no thick
ALH, is also salt transport out of the thin ALET, there is
virtually no evidence to support the view that this structure
is capable of transporting salt actively. Direct attempts by
split droplet [4, 5] or microperfusion techniques [6, 7] have
all failed to demonstrate active salt transport out of the
lumen of the thin ALH.
For these reasons, as well as others, alternative mech-
anisms for achieving a concentration effect in the inner
medulla and papilla have been sought. The various possibi-
lities, all of which are open to theoretical or practical ob-
jections, include the active reabsorption of salt by the collect-
ing duct [9, 10] and the generation of new solute in the
medulla [11, 12]. The most interesting suggestion has been
that of Niesel and Rosenbleck [13]. They suggested, that by
utilizing the principles originally proposed by Kuhn and
Ryffel [14], the recycling of urea could be used to provide
the concentrating effect in the inner medulla and papilla. In
the model of Kuhn and Ryffel a linear-flowing stream of
phenol was separated from a solution of sucrose by a
rubber membrane which was permeable to phenol, but not
to sucrose and water; the sucrose solution flowed through
a countercurrent system in which the two limbs were sep-
arated by a copper ferricyanide membrane, which was
permeable only to water, and not to sucrose and phenol.
During operation of the system phenol diffused across the
rubber membrane into the effluent stream of the sucrose
solution, raising its osmotic pressure. This in turn induced
an osmotic flow of water from the inflow to the outflow
stream of sucrose solution, thus raising the sucrose con-
centration in the fluid moving towards the bend of the loop.
The net effect was the development of a longitudinal
osmotic gradient, with very high sucrose concentrations at
the bend of the loop. Niesel and Rosenbleck [13] modified
these basic principles and suggested that the high concen-
tration of urea entering the collecting duct (as a result of
active reabsorption of salt and water in urea impermeable
cortical segments of the nephron) could be used to raise
medullary osmolality. Although the model developed by
Niesel and Rosenbleck would explain only the medullary
accumulation of urea, and not of sodium chloride, they
suggested the possibility that there were two functionally
different but spatially separated countercurrent systems,
such that enrichment of the medulla with urea by the
operation of system 1 would secondarily effect NaC1 en-
richment by system 2. In a later publication, however, they
[10] suggested that the medullary accumulation of sodium
chloride was the consequence of the active transport of salt
from collecting duct into the thin limbs of Henle's loop.
Recent studies from our laboratory [15, 16] on the per-
meability properties of the thin descending limbs of Henle's
loop have suggested that mechanisms utilizing the principles
elaborated originally by Kuhn and Ryffel, and later by
Niesel and Rosenbleck, could operate in the inner medulla
and papilla to produce high tissue concentrations of both
urea and sodium chloride by entirely passive processes. In
those studies it was found that the thin DLH had a very
high permeability to the osmotic flow of water (significantly
greater than the proximal convoluted tubule) and low
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permeabilities to NaC1 and urea (reflection coefficients of
NaC1 and urea were 0.95 and 0.96, respectively). As a result
of this combination of permeability properties, when the
thin DLH was perfused with isotonic saline while immersed
in serum made hypertonic by the addition of NaCl and
urea, the luminal fluid equilibrated osmotically with the
hypertonic bath almost entirely by the abstraction of water;
4% of the osmotic equilibration was due to entry of urea.
Thus, since urea constituted a significant fraction of the
external osmolality, while the internal osmolality was made
up almost entirely of NaCI, at osmotic equilibrium the
luminal concentration of salt was raised to a level much
higher than that in the bathing fluid. Extrapolating these
results to the intact renal papilla,where the solutes in the
hypertonic interstitium are about 50% urea and 50% salt,
it was apparent that as a result of osmotic equilibration in
the thin DLH primarily by water abstraction, luminal fluid
at the bend of Henle's loop would have a much higher salt
concentration than the surrounding interstitial fluid [161.
As the hypertonic luminal fluid with high salt and low
urea concentration moves up the thin ALH into a region of
slightly less interstitial hypertonicity, there exist three im-
portant driving forces: 1) a small osmotic force for the
inward flow of water; 2) a large concentration gradient for
the inward diffusion of urea; 3) a large concentration gra-
dient for the outward diffusion of NaC1. lithe permeability
to the osmotic flow of water was relatively low and the
permeability to NaC1 was higher than to urea, there would
be relatively little water movement and the net outward
movement of NaCl would exceed the net inward movement
of urea. As a consequence of this passive outward diffusion
of NaC1 the luminal fluid would become hypotonic relative
to the bathing fluid. An analogous circumstance has been
observed in the proximal convoluted tubule (PCT). When
the PCT is perfused with isotonic raffinose, the inward
diffusion of NaC1 exceeds the outward diffusion of raffinose
and the luminal fluid becomes hypertonic despite the re-
latively high water permeability of the PCT [17, 18].
In support of these predicted properties recent studies
from our laboratory (unpublished observations of Imai and
Kokko) have shown that the thin ALH, in contrast to the
thin DLH, is highly permeable to NaCl, relatively imper-
meable to urea and almost totally impermeable to the
osmotic flow of water. On reflection it is clear that this
membrane is analogous to the rubber membrane (phenol
permeable, water and sucrose impermeable) in the Kuhn
and Ryffel model and that by the principles they developed,
the passive diffusion of salt down a concentration gtadient
could generate hypotonic luminal fluid with respect to the
adjacent interstitium, raise the salt concentration in the
interstitial fluid and perform useful osmotic work across the
salt impermeable collecting duct.
In the overall operation of this system, in which all of the
inflows (descending vasa rectae, DLH and medullary
collecting duct) are at the same osmolality, one effluent
fluid is hypertonic and another is hypotonic, useful osmotic
work has been performed and there must be a source of
useable thermodynamic energy. In the process described
above the work of diluting the fluid in the thin ALH and
adding salt in excess of water to the papillary interstitium
is driven by the dissipation of the potential energy stored in
the high salt concentration gradient between the fluid at the
tip of the loop and the interstitial fluid. The salt in the loop
fluid is raised to this high energy level by the transfer of
water out of the fluid in the DLH into the hypertonic
interstitial fluid containing a high concentration of non-salt
solute, e. g., urea. The energy required to maintain the high
interstitial urea concentration in the face of continued water
abstraction in the thin DLH is derived from the high urea
concentration in the fluid entering the papillary collecting
duct. The dissipation of the urea concentration gradient
between the initial papillary collecting duct fluid and the
interstitium provides the energy for abstracting water from
the DLH and raising loop fluid salt concentration above
interstitial concentration; dissipation of this salt concen-
tration gradient provides the energy for diluting the fluid in
the thin ALH, adding salt in excess of water to the papillary
interstitium, extracting solute-free water from the collecting
duct and thus concentrating the final urine. The urea which
recycles from the collecting duct to the thin limbs of Henle's
loop, to the distal tubule and back to the collecting is raised
to very high concentrations in the fluid which enters the
collecting duct as a result of the active reabsorption of salt
(and secondarily water) in the thick ALH, the distal con-
voluted tubule and the cortical collecting tubule. Thus, as
first suggested by Niesel and Rosenbleck [10], urea provides
the means by which active metabolically driven salt transport
in outer medullary and cortical tubular elements can be used
as an indirect energy source to perform useful osmotic work
in the inner medulla and papilla.
In order for urea to function in this role each of the tubu-
lar and vascular elements involved must have specific well-
defined permeabilities to urea. a) The thick ALH, the distal
convoluted tubule, the cortical collecting tubule and the
outer medullary collecting duct should all be impermeable
to urea so that the reabsorption of salt and water in these
regions would generate and maintain high urea concentra-
tion in the fluid entering the papillary collecting duct. The
urea permeabilities of the thick ALH and distal convoluted
tubule are not known, but Burg et al [19] have shown that
even in the presence of ADH the cortical collecting tubule
is completely impermeable to urea. Similar results have
recently been obtained by Schafer and Andreoli [20] for
the outer medullary collecting duct. b) The papillary collect-
ing duct should be urea-permeable so that urea can diffuse
down its concentration gradient and supply its potential
energy to the system. Morgan, Sakai and Berliner [21] have
found this structure to be more permeable to urea than
either the loop of Henle or the cortical collecting duct; they
estimated that the reflection coefficient for urea in the
papillary collecting duct was approximately 0.4. c) The
vasa rectae should be highly permeable to urea so that urea
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diffusing out of the collecting duct is effectively trapped in
the medullary interstitium and not washed away. d) The
thin DLH should be relatively impermeable to urea, as has
already been reported by Kokko [16], so that the high
medullary urea concentration can promote the osmotic ab-
straction of water and raise the intraluminal concentration
of salt. e) The thin ALH should be less permeable to urea
than to salt. f) Finally, although the thin limbs of Henle's
loops should be relatively impermeable to urea, they must
have sufficient permeability to permit the entrace of urea
into the loop at a rate adequate for the maintenance of
urea recycling at a level necessary for the overall operation
of the system.
Description of the model and mass balance equations
The model we propose for the overall concentrating
mechanism incorporates the features discussed above and
it is depicted schematically in Fig. 1. Arbitrarily chosen
relative values for the permeability and transport properties
of the various tubular segments are listed in Table 1. The
essential steps in the process are: 1) recycling of urea
through the loop of Henle to outer medullary and cortical
tubular segments; 2) elevation of the urea concentration in
fluid reaching the inner medullary collecting duct to high
levels by active salt and water reabsorption in the outer
medulla and cortex; 3) diffusion of urea out of the papillary
collecting duct, thus promoting the osmotic abstraction of
water from the thin DLH and raising the luminal NaCI
concentration; 4) diffusion of NaC1 out of thin ALH,
causing the dilution of luminal fluid, NaC1 enrichment of
Active
Salt
Transport
Permeability
H20 Urea NaCI
ThinDLH 0 ++++ +
ThinALH 0
Thick ALH ++++ 0(?) 0±
Distal convoluted
tubule 0(?) 0±
Cortical collecting
tubule ++ +++ 0 0±
Outer medullary
collecting duet + + + + 0 0±
Papillary col-
lecting duct + +++ +++ 0±
interstitial fluid, osmotic withdrawal of water from collecting
duct, and concentration of non-reabsorbable solute (X) in
the urine; 5) the vasa rectae are considered to function as
highly efficient countercurrent exchangers whose ascending
and descending limbs are in equilibrium with one another.
Thus, they serve to preserve longitudinal gradients, promote
horizontal mixing and uniformity of interstitial space, and
provide an exit route for solute and water reabsorbed from
the loops of Henle and collecting ducts.
If the model is valid, it must fulfill certain requirements.
First, any model for the countercurrent system, in the steady
state, must operate in a manner that maintains mass balance
for water and all solutes. Maintenance of mass balance is a
requirement for all models, however, and is not specific for
the model proposed in Fig. 1. Second, a requirement which
is specific for the proposed model, relatively hypotonic
fluid must be generated in the thin ALH without the luminal
sodium concentration falling below the interstitial sodium
concentration. Third, the proposed model must provide
adequate urea recirculation to drive the system.
The mass balance equations for the inner medulla and
papilla are simple and state that the sum of the inputs for
water and solute must equal the sum of the outputs:
(X)descending vasa rectae + (X)DLH + (X)coecting duct =
(X)ascending vasa rectae + (X)ALH + (X)urine.
This calculation is greatly simplified by the assumption that
the vasa rectae are highly permeable and that they are in
complete equilibrium with the medullary interstitium at
every level. Therefore, the net vascular washout of the system
is independent of vasa rectae blood flow and it is determined
entirely by the volumes of water abstracted from the loop
of Henle and collecting duct and the concentration of the
substance under question in the interstitial fluid at the
junction of the inner and outer medulla.
The mass balance equations can be used to calculate the
concentrations of total solute, sodium chloride, and urea in
Table 1. Permeability and transport properties of tubular seg-
ments involved
Fig. 1. Schematics of countercurrent multiplication system without
active transport in the renal medulla. X =non-reabsorbable
solute.
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the fluid in the thin ALH at the inner-outer medullary
junction. To perform these calculations we have selected
some physiologically reasonable values for several para-
meters as shown in Fig. 2. It has been estimated that ap-
proximately 20% of all nephrons are juxtamedullary and
that the filtration rate of these nephrons is 50 to 100%
greater than that of the superficial nephrons. On the other
hand it is highly unlikely that all of the juxtamedullary
fraction of the GFR passes through nephrons that extend
all the way to the papillary tip. We have assumed therefore
that only 10% of the total GFR is involved in papillary
concentration. Second, we have assumed that fluid leaving
the proximal tubule of these nephrons has a TF/P inulin
ratio of 3.0 and a TF/P urea ratio of 2.2 (at a plasma urea
concentration of 5 mM). These values were obtained by
extrapolating the respective values of approximately 2.0
and 1.5 at the end of the proximal convolution. Third, for
the tissue composition we have assigned values of 1200
mOsm/kg for total solute, 600 mOsm for urea and 600
mOsm for NaCl at the inner-outer medullary junction and
values of 1800 mOsm/kg for total solute, 900 mOsm/kg for
urea and 900 mOsm/kg for NaCl. The values for tissue
composition are very similar to those reported for the dog
by Ullrich and Jarausch [22] and Levitin et al [231 and for
the rat by Valtin [24]. Fourth, we have assumed that fluid
from all nephrons enters the medullary collecting duct and
that this fluid has a TF/P inulin ratio of 30, osmolality of
• [TO/I'],, —30
'[Urea] —2)0[Xj —50
[mOser] -709
[TF/P],,= 120
[Urea] 1000
[X.] =200
[mOan] —1200
CD Urea Fig. 2. Schematic presentation of concen-
Permeable tration profiles of various substances as
predicted from the countercurrent model
in which there are no active transport pro-
cesses in the inner medulla. Concentrations
are in mOsm/liter. [Na] represents the
total osmolality of Na salts, including
the anion. X4 = non-reabsorbable solute.
300 mOsm/kg, urea of 250 mOsm/kg, and unreabsorbed
solute (X,) of 50 mOsm/kg. It is further assumed that these
unreabsorbed solutes, consisting mainly of creatinine and
the salts of potassium, sodium and ammonium, will not be
reabsorbcd in the collecting duct. Hilger, KlUmper, and
Ullrich (25) have shown that sodium is reabsorbed from the
collecting duct, but that most of this is by exchange for
hydrogen or ammonium, and that only 15% of the sodium
is reabsorbed as NaCl. Thus only a small fraction of the
sodium reabsorbed in the collecting duct results in a net
removal of solute. For purposes of the present analysis, this
small amount of net NaC1 reabsorption is ignored. It is
next assumed that in the medullary collecting duct the
luminal fluid is concentrated by water abstraction, without
loss of urea or X6, and enters the papillary collecting duct
with a TF/P inulin ratio of 120, an osmolality of 1200
mOsm/kg, urea of 1000 mOsm/kg and X4 of 200 mOsm/kg.
Finally, it is assumed that both water and urea are lost from
the papillary collecting duct and that the final urine has a
total solute and urea concentration equal to that of the
interstitial fluid at the papillary tip.
The various volume flows in the system can be calculated
as follows: if we assume that osmotic equilibration through-
out the entire length of the thin DLH (both in the inner and
outer medulla) occurs by 96 % water abstraction and 4%
by urea entry (as determined experimentally by Kokko
[16]), then fluid entering the inner medulla would have a
[Na] =240[Urea] =11.0
[TF/P],,= 3.0
[TO/I'], =2.2
[mOan] -300
/e/C%ae,
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Active
H2O --
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Urea] =30lJ
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Impermeable
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TF/P inulin of 11.6, total solute of 1200 mOsm/kg, urea of
78 mOsm/kg and NaC1 of 1122 mOsm/kg; fluid at the tip
of the ioop would have a TF/P inulin of 17.4, total solute
of 1800 mOsm/kg, urea of 124 mOsm/kg and NaC1 of 1676
mOsm/kg. If we further assume a total GFR of 100 mI/mm
and that 10% of this goes through juxtamedullary nephrons
with loops extending to the papillary tip, then the volume
of fluid in the thin DLH passing the inner-outer medullary
junction is 0.86 ml/min and the volume reaching the tip is
0.575 ml/min. If we assume that there is no net movement of
water into or out of the thin ALH, then 0.575 mI/mm would
leave the inner medulla via the thin ALH and net abstrac-
tion of water by the loop would be 0.285 ml/min. As
discussed above, fluid from all nephrons is delivered into
the papillary collecting duct with a TF/P inulin ratio of 120,
total solute of 1200 mOsm/kg, urea of 1000 mOsm/kg and
X of 200 mOsm/kg. The 0.835 mi/mm of fluid which
enters the collecting duct is concentrated to 1 800 mOsm/kg
by abstraction of water and urea, but not X (NaCl and
other non-reabsorbable solutes); as a consequence X5 would
rise from 200 to 900 mOsm/kg. Thus, the volume of urine
equals 0.839 (200/900) or 0.185 mI/mm, and the volume of
water abstracted from the collecting duct is 0.65 mI/mm.
The total volume of water reabsorbed from the thin limbs
and collecting ducts is 0.935 mi/mm, all of which must be
carried away by the ascending vasa rectae.
By using these values for volume flows one can calculate
the concentrations of total solute, NaC1 and urea in luminal
fluid in the thin ALH at the junction of the inner-outer
medulla. The respective values are: total solute 1006
mOsm/kg; NaCl 705 mOsm/kg; urea 301 mOsm/kg. These
calculations show, therefore, that with the above assump-
tions and the assigned values for the physiologic para-
meters, the maintenance of mass balance requires that fluid
leaving the inner medulla via the thin ALH be 194 mOsm/kg
less concentrated than the interstitial fluid at the point. More
importantly the calculations show that this degree of relative
hypotonicity can be achieved without lowering the concen-
tration of NaCl in the luminal fluid below that in the inter-
stitial fluid (705 mOsm/kg versus 600 mOsm/kg).
The calculations also yield an estimate of the urea re-
cycling in the system. Although the previous studies [16]
indicated that the thin DLH is relatively impermeable to
urea (urea reflection coefficient =0.96), the osmotic equili-
bration in this segment by 96% water abstraction and 4%
urea entry would give rise to a urea concentration of 124
mOsm/kg in the tubular fluid at the level of the ioop. The
TF/P urea ratio at this point would be 24.8; the TF/P urea:
TF/P inulin ratio would be 1.43, which compares favorably
with the value of 1.5 reported by Lassiter, Mylle and Gott-
schaik [261, and of 1.3 reported by de Rouffignac and Morel
[271. The calculations indicate that additional urea must
enter the ALH, rising to a concentration of 303 mOsm/kg
(compared to 600 mOsm/kg in the interstitial fluid at the
inner-outer medullary junction). At this point in the tubule
the TF/P urea is 61 and the TF/P urea: TF/P inulin ratio is
3.50. Thus, the tubular fluid leaves the proximal tubule
with only 70%, arrives at the bend of the loop with 143 %
and leaves the inner medulla with an estimated 350% of its
filtered urea.
The percentage of the filtered urea reaching the collecting
duct is 167% (TF/P urea 50; TF/P inulin 30). The degree of
recycling through more superficial nephrons can be roughly
approximated as follows. Ten percent of the nephrons
contribute 350% of their filtered urea to the total of 167%
reaching the collecting duct. Therefore, the remaining 90%
of nephrons must contribute 145% of their filtered urea.
Micropuncture studies [28—33] have shown that in the distal
convoluted tubule of superficial nephrons approximately
70 to 120% of the filtered urea is present, depending on the
physiologic state. However, these studies are not inconsistent
with the magnitude of urea recycling that is required by the
present model, if one assumes a gradation of urea recycling
in successive layers of nephrons with approximately 350 %
of filtered urea in the deepest and 90% in the most super-
ficial.
Discussion
The preceding analysis should not be considered a rigor-
ous mathematical proof for a strictly passive concentrating
mechanism in the inner medulla and papilla. The solution of
these mass balance equations, using reasonable physiolo-
gical values for medullary GFR and tissue composition,
simply demonstrates that it is possible in this region of the
kidney for the loops of Henle to add salt in excess of water
to the interstitial fluid and to generate a relatively hypotonic
fluid in the thin ALH by a process of salt transport out of
the thin ALH that is entirely down chemical concentration
gradients. Although this does not exclude the existence of an
active downhill transport process, it does remove the logical
necessity for postulating the existence of an active meta-
bolically driven transport mechanism in the thin ALH. In
view of the failure to demonstrate active salt transport out
of the thin ALH by direct experiments, it is reasonable to
conclude that the thin ALH is simply a passively equilibrat-
ing segment whose permeability characteristics are uniquely
different from those of the thin DLH and other medullary
structures.
In the model presented in Figs. 1 and 2, the permeability
characteristics ascribed to the thin DLH and ALH are
markedly different; the thin DLH is highly permeable to
the osmotic flow of water and relatively impermeable to salt
and urea, while the thin ALH is relatively impermeable to
water and urea and highly permeable to salt. This combi-
nation of permeability properties permits the addition of
urea to the medullary interstitium from the collecting duct
to promote the osmotic withdrawal of water from the thin
DLH, thereby raising the intraluminal concentration of
NaCl above that of the surrounding fluid, and then the
diffusion of NaCl out of the thin ALH down concentration
gradients to generate hypotonic intraluminal fluid. Pub-
lished studies [15, 16] and unpublished observations (Imai
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and Kokko) from our laboratory indicate that isolated,
perfused segments of thin DLH and ALH from rabbit
kidney do in fact possess these differential permeability
properties. Whether thin DLH and ALH in the intact
kidney of all species, however, possess similar permeabilities
is not known.
Morgan and Berliner [34] have measured the relative
permeabilities to water, salt and urea of various medullary
structures in the excised rat papilla. They also found marked
differences in water permeability, with the thin ALH being
only 1/10 as permeable to the osmotic flow of water as the
thin DLH. In contrast to the studies of Kokko [15, 16],
however, they found the thin DLH to be significantly
permeable to NaCI and urea. From their data one can
estimate that the reflection coefficients for NaCl and urea
were 0.36 and 0.44, respectively, compared to the values
of 0.95 and 0.96 that were obtained by Kokko. In the
example shown in Fig. 2 the higher reflection coefficients
were used, so that almost all the osmotic equilibration
occurred by water abstraction. As a result the tubular fluid
NaC1 concentration was elevated to 1676 mOsm/kg at the
bend of the loop, compared with 900 mOsm/kg in the
adjacent interstitial fluid. The lower reflection coefficients
estimated from the data of Morgan and Berliner [34] would
indicate that only a fraction of the osmotic equilibration
would occur by water abstraction, and that the remainder
would occur by significant entry of solute. De Rouffignac
and Morel [27] have concluded from their studies in
Psammomys that osmotic equilibration occurs predominant-
ly by solute entry, and to only a small extent by abstraction
of water.
To the extent that osmotic equilibration occurs by urea
entry, rather than water abstraction, the magnitude of the
NaCI gradient between tubular fluid at the bend of the loop
and adjacent interstitial fluid would be reduced. Certain-
ly, micropuncture studies on the composition of fluid taken
from the tips of Henle's loops and vasa rectae have not
shown sodium gradients as great as those in Fig. 2. In fact,
Marsh and Solomon [35] found that the concentration of
sodium in fluid from the bend of the loop was only slightly
higher than fluid from adjacent vasa rectae.
The absence of NaCI gradients at the bend of the loop,
however, does not necessarily negate the model. As the
fluid turns the bend and moves up the thin ALH, it is
moving from a region of high interstitial salt concentration
to a region with lower concentration. This, therefore, would
provide the necessary concentration gradients to drive the
passive downhill transport.
To evaluate whether osmotic equilibration in the thin
DLH by partial water abstraction and partial solute entry
is consistent with a passive inner medullary concentrating
mechanism, the mass balance equations were solved for the
Psammomys kidney. The appropriate data are listed in
Table 2. The values for tissue composition were taken from
Schmidt-Nielsen, O'Dell and Osaki [36]; the values for
composition of fluid at the bend of the loop was estimated
from the studies of de Rouffignac and Morel [27]. The latter
authors have shown that loop fluid with an osmolality of
1200 has a TF/P inulin ratio of approximately 6.5, while
fluid with an osmolality of 1800 has a TF/P inulin ratio of
approximately 8.0. In order to balance the mass equation
for total solute, irrespective of whether salt transport out
of the thin ALH is active or passive, it was necessary to
assume that 35 to 40% of the total GFR passes through the
nephrons involved in inner medullary concentration. This
is not an unreasonable assumption in Psammomys, how-
ever, since de Rouffignac and Morel [27] showed that the
single nephron filtration rate of deep nephrons was 2.5
times that of superficial nephrons. With these assumptions
and the assigned values shown in Table 2, the calculated
composition of fluid in the thin ALH at the inner-outer
medullary junction is: total solute 1185 mOsm/kg, NaC1
1015 mOsm/kg, urea 170 mOsm/kg. The corresponding
tissue values are 1200 mOsm/kg, 900 mOsm/kg and 300
mOsm/kg for total solute, NaC1 and urea, respectively.
Thus, even in Psammomys, it is possible to achieve the
necessary dilution of fluid in the thin ALH by outward
transport of NaCI that is entirely down concentration
Table 2. Calculation for Psammomys kidneya
Total
solute
mOsm/kg
Urea
rnOsm/kg
NaC1
tnOsm/kg
X
mOsm/kg
TF/Pi1
Tissue
I—U medullary junction 1200 300 900 — —
Papillary tip 1800 300 1500 .— —
Tubular fluid
Papillary collecting duct (in) 1200 1000 — 200 120
Urine (out) 1800 300 — 1500 180
Thin DLH (in) 1200 100 1100 — 6.5
Tipof loop 1800 150 1650 — 8.0
Thin ALH (exit) 1185 170 1015 — 8.0
See text for origin of solute concentration used in the table. X = solute; I —0 = inner—outer. Assumptions used: total glomerular
filtration rate equals 100 mI/mm; 40% of glomerular filtrate (40 ml/min) courses through the papillary loops of Henle.
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gradients. Even under conditions where osmotic equili-
bration in the thin DLH occurs by a mixture of water ab-
straction and solute entry it is unnecessary to postulate an
active salt transport system in the thin ALH.
The critical question then becomes whether or not the
NaC1 permeability in the water impermeable thin ALH is
sufficiently great, both in an absolute sense and relative to
urea permeability, to permit the passive outward diffusion
of NaC1 at a rate sufficient to generate the necessary dilution
of the tubular fluid. The present data bearing on this ques-
tion are conflicting. Morgan and Berliner [34] estimated
that the thin ALH is impermeable to NaC1, having a NaC1
reflection coefficient of approximately 1.0, and that it is
relatively permeable to urea, with a urea reflection coeff i-
cient of approximately 0.3. However, there are considerable
difficulties with this portion of their studies due to the
relative water impermeability of the thin ALH. In these
studies they compared the relative rates of osmotic water
flow when the bathing media was made hypertonic to the
perfusion fluid by the addition of osmotically equivalent
amounts of mannitol, NaC1 or urea. Because of the very
small movement of water, the rise in the concentration of
the inulin volume marker was only 1.03±0.006 with
mannitol, 1.03±0.012 with NaC1 and 1.01±0.006 with
urea. Moreover, these very small increments were obtained
only after correcting for a 4 % loss of inulin, as determined
in a separate set of control experiments. Although the
calculated rates of water movement were the same with
mannitol and NaCl, the data do not permit the statistical
exclusion of the possibility that the water movement in-
duced by mannitol and NaC1 were significantly different.
In agreement with these studies by Morgan and Berliner
[34], Imai and Kokko (unpublished observations) have
recently found that the permeability of the thin ALH to the
osmotic flow of water is extremely low. Because of the very
low water permeability of this segment of the tubule, they
were unable to obtain a valid estimate of the reflection
coefficients for NaC1 and urea. However, in the unpublished
results of Imai and Kokko, the thin ALH permeability to
Na and Cl, measured isotopically, is exceedingly high;
approximately five times greater than in PCT and 20 to 30
times greater than in thin DLH. The urea permeability in
the thin ALH is approximately the same as in the PCT and
about four times greater than in the thin DLH. In the thin
ALH sodium permeability is approximately four times
greater than urea permeability.
Thus, the data from our laboratory are consistent with
the model, but admittedly this still does not prove whether
or not the thin ALH possesses the required relation between
NaC1 and urea permeabilities to permit the generation of
relatively hypotonic tubular fluid under the conditions that
exist in vivo in the inner medulla and papilla of different
species. The answer to this question can only be obtained
by a precise solution of the equations for the transfer of
solutes and water between the various medullary structures.
In 1967 Marumo, Joshikawa and Koshikawa [37] published
a mathematical model for the countercurrent system in
which the inner medulla functioned by entirely passive
processes. More recently Stephenson [38] and Stewart and
Valtin [39] have also developed mathematical models which
should provide the basis for a computer analysis of the
required permeability coefficients.
In the model presented in Figs. 1 and 2 the vasa rectae
play no role in the countercurrent multiplication process and
function only as highiy efficient countercurrent exchangers.
In order to simplify the solution of the mass balance equa-
tions it was assumed that at any given level the descending
and ascending limbs of the vasa rectae were in equilibrium
with one another and the interstitial fluid. This assumption,
however, is not entirely justified since Jamison [3] showed
that, when medullary blood flow was not stagnant, the
descending vasa rectae plasma was less concentrated than
fluid in the ascending vasa rectae and the thin DLH. This
osmotic inequality between the two limbs of the vasa rectae
does not invalidate the model, but it does increase the
requirements for urea transport out of the collecting duct
and salt transport in excess of water out of the thin ALH.
Osmotic disequilibrium between the two limbs of the vasa
rectae can easily be accommodated in the model at low
vasa rectae flow rates. The model will also function at
increasing vasa rectae flow rates, provided there is a
simultaneous increase in deep GFR. If, however, vasa
rectae flow increases disproportionately to deep GFR, then
at some indeterminate level of flow the inner medullary
and papillary system would no longer contribute signifi-
cantly to urinary concentration. The urine would still be
concentrated under these conditions, but only by operation
of the active transport processes in the outer medulla.
Although we feel that this model of passive salt transfer
out of the thin ALH is a valid possibility for the inner
medullary and papillary countercurrent system, it is clear
that it cannot account for the overall countercurrent
system. The passive model can operate only in a region
which has already been raised to some hypertonic level and
enriched with non-salt solute e. g., urea. Only in such a
urea-rich region is it possible for the thin ALH to generate
a hypotonic luminal fluid without lowering its salt con-
centration below the adjacent interstitial concentration.
Such a situation exists in the inner medulla and papilla. At
this corticomedullary junction, however, the osmolality of
the interstitial fluid is made up almost entirely of salt. The
hypotonic fluid emerging from the loop at this junction,
must of necessity have a lower salt concentration than in
the surrounding fluid. The outer medulla, therefore, must
contain tubular elements (thick ALH) capable of actively
reabsorbing salt against steep concentration gradients.
The thick ALH also subserves another role in the overall
operation of the proposed model. As discussed in the intro-
duction, thermodynamically useful energy is supplied to the
inner medulla and papilla by means of the high urea con-
centration in the entering collecting duct fluid. The thick
ALH plays a major role in this process. Most of the salt
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presented to the distal nephron is reabsorbed in the thick
ALH, and as water is subsequently lost from the hypotonic
tubular fluid in the distal convoluted tubule, cortical
collecting tubule and outer medullary collecting duct under
the influence of ADH, the concentration of urea in the
residual fluid is markedly raised.
The key role of urea in the operation of the inner medul-
lary-papillary countercurrent system has several conse-
quences. First, under conditions where urea is prevented
from recycling through the papilla (e. g., water diuresis),
the passive system would cease to operate, net salt in excess
of water would no longer be added to the interstitium by the
thin ALH, and there would not be a progressive rise in
tissue salt concentration to the tip from the outer medulla.
This, in fact, has been observed in dogs by Ullrich and
Jarausch [22] and Levitin et al [23]. During hydropenia
sodium concentration rises progressively from cortex to
outer medulla to papillary tip, whereas during water diuresis
the sodium concentration in the outer medulla is higher
than in the papilla. A second consequence of this model is
that during osmotic diuresis urea would not accumulate in
the papilla and the system in this region would cease to
function. Thus, solute-free water reabsorption (T20) under
these circumstances would be entirely a reflection of the
salt transport capacity of the thick ALH.
In summary, a model of countercurrent multiplication
system has been presented in which there is no active
transport of NaC1 by the thin ascending limb of Henle.
In this model the single effect is localized only in the thick
ascending of Henle with both of the thin limbs of Henle
acting as purely passive equilibrating segments and possess-
ing specific permeability characteristics. In this model the
energy generated by active transport of salt by the thick
ALH is efficiently transmitted to the papilla via the inter-
mediary role of urea.
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